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AFRODYNAMICS OF MISSILES WITH OFFSET FIN QONFIGURATIONS

Greqqg L. Abate*
Aerodynanics Branch

Aeromechanics Division

Air Force Armament laboratory
Eglin AFB, FL

Wayne H. Hat)wway"
Arrow Tech Associates
Lakewood Cannons
South Burlington, VT

Abstract

Subsonic and transonic aerodynamnic data for
offset fin configurations are presented. Free-
flight aeroballistic tests to obtain this data
were conducted at atmospheric pressure over a
Mach number range of 0.6 to 1.6. The aerodynamic
coefficients and derivatives presented were
extracted fran the position-attitude-time
histories of the experimentally nmeasured
trajectories using nonlinear numerical
integration data reduction routines. Results of
this testing and analysis show the scatic and
dynaic stability variations for four different
fin offset configurations. The presence of an
side moment dependent on pitch angle results in
dynamic instability under certain conairtions. The
stability boundaries associated with this side
mament are mapped. Designers should consider this
manent whenever offset fins are utilized.

Namenclature

A = reference area

ABARM = max total angle of attack

a_ = Coriolis acceleration

G = roll manent coefficient

Clp = spin decay roll moment coefficient

G = induced roll mament coefficient
derivative

Cre = pitching moment coefficient derivative
per sin et

Cne = pitching moment coefficient derivative
per sino¢

pitch damping derivative

Cms = moment due to trim

Creid * s = cubic and fifth order coefficient
derivatives

Ch M = slope of pitching moment versus Mach

number
Cn = normal force coefficient
= normal force coefficient derivative

Cnox ,
per sin
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Superscript

A-1

normal force due to trim

cubic and fifth order normal force
coefficients

side moment coefficient

slope of side moment versus sin
Magnus moment derivative

induced side manent derivative

axial force coefficient at zero angle
angle of attack

squared m('ﬁal force coefficient
versus sin

slope of axial force versus Mach
number

Magnus force coefficient

side force coefficient

body diameter

effective mean angle of attack
squared

acceleration due to gravity

manents of inertia about the x and y
axis

aerodynamic roll, pitch, and yaw
maments

model mass
Mach number

roll, pitch, and yaw angular
velocity camponents

dynamic pressure
air density

missile velocity components in
fixed plane coordinates

total velocity

total angle of attack

aerodynamic roll angle

missile orientation angles

linear theory vector damping rates

total coefficient
first derivative WRT time




Introduction

In an effort to develop innovative missile
designs, the concept of ‘'offset fins' has been
proposed. Unlike traditional missiles with fins
perpendicular to the body, offset fin
configurations have fins at angles less than 90
degrees from a plane tangent to the cylindrical
body at the fin interface. For tube launched
applications, this provides significant
advantages in packaging and design simplicity.

To better understand the aerodynamics and
stability characteristics of this class of
configurations, the Acrodynamics Branch of the
Alr Force Armament Lavoratory conducted a series
of free flight tests to experimentally
investigate the aerodynamics.

The purpose of the rescearch testing reported
herein was to investigate four offset fin
configuraticns of 60 deg, 45 deg, 30 deg, and
0 deg at Mach numbers ranging from 0.6 to 1.6.
The test program was conducted in the
Aeroballistic Research Facility (ARF), Eglin Air
Force Base, Florida.

Facilities & Test Maodels

Free Flight Range

The Aeroballistic Research k-“::\cilit:yl (ARF)
is an enclosed concrete structure used to examine
the exterior ballistics of various free-flight
munitions. The facility cortains a gun roam,
control roaom, model measurenent room, blast
champer, and an instrumented range. The range
atimosphere is controlled and closely monitored.

The 207 meter range has a 3.66 meter cross-
section for the first 69 meters and a 4.88 meter
square cross-section for the remaining length.
The range has 131 locations available as
instrumentation sites and each location has a
physical separation of 1.52 meters. Presently 50
of these sites are used to house fully
instrumented orthogonal shadowgraph stations. At
each of these stations, the maximum shadowgraph
window (an imaginary circle in which a projectile
will cast a shadow on two orthogonal reflective
screens) is 2.13 meters in diameter. The
orthogonal photographs of the model's shadow can
be used to determine the spatial position and
angular orientation of the model at each of the
50 instrumented sites. The discrete time dynamic
data of positions and orientations are then used
py the data reduction program to detennine the
aerodynamic forces and maments acting on the
model for that flight.

Models & Test Conditions

The research configuration which is referred
to as an offset fin configuration is illustrated
in Figure 1. This test model is a lO-caliber
ogive-cylinder-tail configuration. It has a 2.5
caliber tangent ogive, and the afterbody is a
right circular cylinder 7.5 calibers in length.
The: fins are of a double wedge clipped delta
configuration whose trailing edges fit flush with
the base of the model.
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Figure 1. Air i»rce Basic Research
Configuration (Ref. 4)

This model, with fins in the conventional 90
deg orientation, has been the subject of
considerable experumental research in both wind
tunnel and ballistic spark range testing.
Therefore, a large pre-existing data base 1is
available for the 90 deg offset. Reference 2 is
an excellent source for both wind tunnel and
range data.

Figure 2 illustrates the fin offsets which
are the subject of this investigation. Table 1

summarizes the typical mass properties of the
test models.

N AN
G 0Ny

30 deg OFFSET 0 deg OFFSET

45 deqg OFFSET 60 dey OFFSET

Figure 2. Offset Fin Configqurations Tested




Taple 1. Physical Properties

O-degree 30,45,60-degree

Diameter, an. 1.91 1.91
Mass, gm,y 189.0 127.1
Ix,gm—cn2 89.2 63.8
1 ,gman 3889 3889
Léngth, cn. 19.1 19.1
C.G., percent from nose 39.7 49,1

Roll pins were installed in each test model
to acquire roll orientation data. This data is
critical towards detennining any aerodynamic
trends as a function of roll angle (i.e. trims
and induced forces and inoments).

Data Analysis

Extraction of the aeroaynamic coetticients
and derivatives is the primary goal in analyzing
the trajectories measured in the ARF, This is
accanplished by using ARFDAS described in
References 3 and 4. ARFDAS incorporates a
standard linear theory analysis (References 5 and
6) and a six-degree-of-freedan (6DOF) numerical
integration technique. The 6DOF routine
incorporates the Maximum Likelihood Method (ML)
to match the theoretical trajectory to the
experimentally measured trajectory. The MIM 1s an
iterative procedure that adjusts the aerodynanic
coefficients to maxunize a likelihood function.
The use of this likelihood function eliminates
the inherent assumption in least squares theory
that the magnitude of the measuremment noise must
be consistent between dynamic parameters
(irrespective of units). In general, the
asrodynamics can be nonlinear functions of the
angle of attack, Mach number, and aerodynamic
roll angle.

ARFDAS represents a camplete ballistic range
data reduction system capable of analyzing both
symmetric and asymmetric bodies. The essential
steps of the data reduction system are to: (1)
assemble the dynamic range data (time, position,
attitude), physical properties, and atmospheric
conditions, (2) perform linear theory analysis,
(3) perform 6DOF analysis for final aerodynamics.
These steps have been integrated into ARFDAS to
provide the test engineer with a convenient and
efficient means of interaction. At each step in
the analysis, permanent records for each flight
are maintained such that subsequent analysis with
data modifications are much faster.

Each model tested in the ARF was initially
analyzed separately, then same were combined in
groups for simultaneous analysis using the
multiple fit capability. This provides a cammon
set of aeradynamics that match each of the
separately measured position-attitude-time
profiles. The multiple fit approach provides a
iore camplete coectrun of angle of attack and
roll orientation than would b available from any
one trajectory considerced separately. This
increases the probability that the deternained
coefticients define the model's aerodynamics over
the entire range of trajectories.

xquations of Motion

The aerodynamic data presented in this paper
were obtained using the fixed plane 6DOF
analysis (MIMFXPL). The equations of motion are
derived with respect to a fixed plane coordinate
system. The x-axis points downrange, the y-axis
points to the left looking downrange, and the z-
axis points up. The 6DOF differential exuations
of motion in this system are:

. F,
GU=gsing -qv+rv-a +2 (1)
F

Veoru-rwan@o-a, v (2)
. F,
w=goosf+rvtanf +qu-a, +F (3)
i>=]’; (q)
c'1=—r~‘t.ang-(%)xp¢£ (s}
i:qrmng+<%)qp+£ (6)

Once the aerodynamic forces and maments are
determined, the solution of FErquations 1-6 will
define the 6DOF flight motion with respect to the
fixed plane ooordinate system. Since tne
position-attitude measurements, as acquired from
the ballistic spark range, are relative to the
Earth-fixed coordinate system, additional
transformation equations are required. Bquations
7-12 are these transformation equations shown
below in terms of the fixed plane Euler angles
( #,v) and the angle of rotation about the
missile axis ( ¢).

i’-ua:secosq;-vsinw+vdnemsw(7)

“ -3 cos @ 6in Y +voosy +Vvein @ siny (8)
Jsin @ + woos @ 9)

6 =q (10)

. ()

w'co:.g

¢ -p+rtan (12)

Coriolis accelerations (a 1.y e8q,) are
also included in Equations 1-3. Egquations 1-12
are numerically integrated using a fourth-order
Runge-Kutta scheme.




Aerodynamic Model

Previous testing of wraparound fins have
shown instabilities in the form of an out of
plane side momant (C o) leading to undamped
coning notions which are highly Mach number
dependent, Reference 7 contains test results fran
prior wraparound fin testing.

The aerodynamic coefficients and
derivatives, shown in Equations 13-18, were
expanded as functions of Mach nunber, sine of the
total angle of attack, and the aerodynamic recll
angle. These expansions are shown in detail in
Reference 8. However, the side moment expansion
was assumed to be linear (i.e. C = G-

The aerodynamic forces and manents are
defined as follows:

Fy = - GACy (13)
= ~ v Pd' w c w
Fy‘q‘\{'cNa V*ZVCYpa V+CYya v’

(g8 st 0 - (Cygdy) o5 0 | e

- = 3 = v _& v o_
Fz = qA[ - CNQ[ ; Y CYPQ[ v Cqu v
(Enaf%) sin ¢ - (CNéf,B) ces ¢ | (15)

_(opd A ~
1=qA[2vc[p+cl] (16)
e % w. =
m=@d | Cny 3¢ 79 Cra*
od = v, & v.s Vv
20 ‘o 0t Sy vt Cny 0t
CnﬁﬁAooso—Cmbf)Bsinol (17)

n=(ihd[-Cm_ 3!;*21-3%*
~ w ~ w ~ W
9 oy v oy 0ty vt

C"‘S&Asinq,lrcnﬁﬁncosq)] (18)

B

Results

Aerodynamic force and moment coefficients
nave been extracted from the free flight motion
data. The analysis methodology utilized includes
both linear theory and 6DOF reduction. Results
are presented for 0 deg, 30 deg, 45 deg, and 60
deg offset fin conditions. Where applicable,
canparisons are made to results from Reference 2
which represents the same research configuration
at a typical 90 deg fin orientation.

The aeradynamic coefficlents and derivatives
extracted fran the experurentally measured
trajectories are plotted in Figures 3-6 and
tabulated 1n Table 2. These figures show the zero
angle-of-attack coefficients and derivatives
obtained using the fixed plane 6DOF analysis.

LEGEND (cvp)
4 60 deg

}——**I O &5 deg
-_———- ¢ 30 deg
0.2 o 0 deg
+ REF 2,11 (90 degs
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0.5 1.0 1.5 2.0
MACH NUMBER

Figure 3. Zero Yaw Axial Force (C, ) versus
Mach number
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Figure 4. Pitch Moment Coefficient Derivative
(Guo! Vversus Mach Number
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Figure 5. Normal Force Coefficient Derivative
(Cyed versus Mach Number
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Figure 6. Center of Pressure (xcp/l) versus
Mach Number

The zero yaw drag plot, Figure 3, shows
little difference for the four configurations
tested. There was, however, a slight overall
increase in drag for these offset fin models
canpared to the 90 deg models (ref 2,11). The
discrepancy between offset fin models and 90 deg
models 1s not understood; however, the fact that
this drag remains unchanged as a finction of
offset fin angle indicates there is no strong
drag dependence on offset fin angle.

The pitching inament coefficient derivative
results for the O-degree fin offset configuration
were converted to the saime C.G. location as the
other fin offsets as plotted in Figure 4. The
Table 2 results are presented relative to the
actual model C.G. as measured. This figure
indicates that there is little difference in
stability between the 90 deg and 60 deg fin
offset models. As fin offset angle is increased
there is a steady decrease in stability to the 45
deg and 30 deg models. Then, there is a laige
decrease in stability fram 30 deg to 0 deg. This
indicates that fin effectiveness is decreasing
slowly near 90 deg finn offsets followed by a
sharp decrease somewhere between 30 deg and 0
deg. The normal force derivatives, Figure 5,
however, show a steady decrease as a function of
offset fin angle. It is also of interest to note
that the data shown in Figure 6 illustrates that
much of the loss in static stability for the 0
deg fin offset configuration cames from a rather
dramatic forward shift of the center—of-pressure.

Figures 7-10 contain representative motion
plots for each fin offset. Note the indications
of dynamic instability for the 0 deg and 30 deg
offsets. Based on prior research with wraparound
fin configurations, the presence of out of plane
maments and roll resonance conditions could be
expected. The out of plane moments (side moment)
could be due to; (1) the induced side inoment
based on the roll orientation relative to the
cross-flow velocity camponent (C, you- Table 4),o0r
(2) the marent as a function of pitch angle (Enot
- Table 4).

In matching the observed motion, the
daninant side mament was C, . The inclusion of
this acrodynamic coefficient during the data
reduction process made a dramatic improvement to
the quality of the fits. This was most
significant for the 0 deg and 30 deg fin offsets.
The trim angles were on the order of 0.5 degree
and for those flights near resonance, explained
the damping trends of the cbserved motions.

Discussion

Dynamic Stability

The resulting aerodynamic force and mament
coefficients show nonlinear trends as a function
of Mach number, angle of attack, and aerodynamic
roll angle.

The inclygsion of the side mament due to
pitch angle, C,,, was critical in order to
adequately fit the measured motion patterns. The
tendency of the motion to develop into a circular
pattern provides a clue to the pogsible ef foarke
of this sige mavent. Both Murphy” and
Nicolaides” have studied the consequences of a
side moment due to pitch on the dynamic stability
of a finned missile. The equations for the
canputation of the nutational and precessional

damping rates with Cn.‘included are as follows:

A 1
)\2=§ﬁ[ -(:Na(l+6)+
(q,q+cm)(,:,"%’)( -3 -
g 1t v )
(3 Gy (2] (20

where:

0= «l 1 °s”
S :_%ﬁz_pi——
R TR

(21)

(22)

Bquations 19-20 assume that the Magnus
marent is negligible. By computing the required
side mament coefficient, Crer for A equal to
zero will determine the dynamic stability

. This was done and the results are
plotted in Figure 11 for the 0 deg and 30 deg fin
of fsets. The plots include Mach numbers of
0.7,1.2, and 1.5/1.6. This shows that based on
the determined side mament coefficients, a
dynamic instability exists due to this moment,
subsonically for these fin offsets.
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Roll

There was no attampt to control spin rate
for these tests. Since trim manents were
determined to exist, a roll resonance condition
or amplification of the trim was of concerm. A
camined roll resonance and side moment affect on
a given flight can create such dynamic
instability as to make it difficult to accurately
distinguish between the two separable aerodynamic
manents during the reduction process.

Previous testing on Wrap-Around Fin
configurations (Ref. 7 & 10) has shown a roll
dependency due to Mach number. This is shown in
Figure 12 a. Here, models tested subsonically
rolled in the direction of fin curvature and
model tested supersonically rolled opposite the
direction of fin curvature. Figure 12 b shows
the roll profiles of the 0 deg offset fin
configurations. These profiles indicates that
there is no roll dependence due to Mach number
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Figure 12. Roll vs. Mach Number
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Figure 12. (continued) Roll vs. Mach Number

Conclusions

Aerodynamic and stability characteristics
have been determined for four offset fin
configurations.

The following summarizes the important
aerodynamic characteristics:

- The change in zero yaw drag is small as the
fin offset angle is varied.

- The decrease in static stability is very
rapid for fin offsets below 45 deg. However,
static stability is insensitive to offset fin
angles of 60 deg and above.

- Dynamic instabilities due to the side mamnent
exist subsonically for the 0 deg and 30 deg
cffcets, There were no indications that a
destabilizing side mament existed for offset
fin angles of 60 deg.

- At best, large limit cycles can be expected at
fin offsets less than 45 deg due to a
canbination of side moment and trim moment.

- There is no rell dependunce of these offset
fin configurations due to Mach number.

Future research should include a more
controlled spin rate environment for the tests.
This will allow better isolation of the roll
induced side moment, the side momaent due to pitch
angle, and trim moment amplification due to the
spin rate approaching resonance.
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